The goal of this study was to determine the impact of transvenous pacemaker and defibrillator leads on the incidence of bioprosthetic tricuspid valve (BTV) regurgitation compared with BTV patients without a transvalvular lead.
Results
Over a mean follow-up of 25 months, in 5 patients (9%) with a transvalvular lead significant (moderate or greater) prosthetic TR developed compared with 12 patients (5%) in the control group (p ϭ 0.20). Kaplan-Meier analysis revealed no significant difference in the incidence of TR in BTV patients with and without transvalvular leads (p ϭ 0.45). Significant prosthetic TR in patients with and without a transvalvular lead more commonly occurred 2 years or later after lead or BTV implantation (4 of 5, 80% and 10 of 12, 83%, respectively).
Conclusions
Transvalvular device lead implantation in BTV patients was not associated with an increased incidence of significant prosthetic TR (p ϭ 0.45). Based on these data, transvalvular lead implantation appears to be an acceptable approach for patients with a BTV who require permanent pacemaker or defibrillator placement. Tricuspid valve replacement (TVR) with a bioprosthetic tricuspid valve (BTV) is an established treatment for severe tricuspid valve (TV) stenosis and tricuspid regurgitation (TR) related to a variety of disease states. Atrioventricular block and sinus node dysfunction are recognized postoperative complications in these patients, often necessitating permanent pacemaker implantation. In some cases, patients at increased risk of sudden cardiac death undergo defibrillator implantation. In contrast to mechanical TV prostheses, a bioprosthetic valve can in principle be crossed by transvenous leads. Concern has been raised regarding the potential deleterious effect of permanent transvenous device leads on bioprosthetic tricuspid valve (BTV) function, yet few data exist pertaining to outcomes, specifically the occurrence of significant prosthetic TR after lead placement in this population.
Concern over transvalvular lead implantation has largely been derived from data pertaining to the native TV, in which transvalvular device leads appear to increase the risk of TR. Severe TR develops in some of these patients (1, 2) , with important clinical sequelae, including the development of right heart failure requiring surgical TV repair or replacement. Several mechanisms contribute to the development of severe TR in patients with device leads that pass through the native TV, including leaflet perforation, lead entanglement in the valve apparatus, lead impingement of leaflet excursion, and lead adherence to the valve (3) .
Given the different anatomic structure of BTV, the mechanisms of lead-induced native TR may not be entirely relevant in this population. Most contemporary BTVs are composed of porcine tissue attached to a plastic and polyester cloth frame that is anchored to a sewing ring. If device leads were known to have a significant negative impact on BTV function, alternative implantation strategies would have to be considered to avoid longterm BTV damage and dysfunction. Lower profile right ventricular (RV) leads and left ventricular (LV) pacing via the coronary sinus might potentially limit BTV dysfunction. The goal of this study was to determine whether transvalvular device leads promote significant BTV regurgitation.
Methods
The medical records of all patients who underwent TVR with a BTV at our institution between January 1, 1997, and July 1, 2010, were reviewed after approval from the institutional review board. Patients who subsequently underwent transvalvular endocardial permanent pacemaker or defibrillator implantation were included in the study group. The medical records were reviewed longitudinally, and echocardiographic data were recorded. Patients without an echocardiographic follow-up examination after device lead implantation were excluded from the study group. Patients with preexisting transvenous leads undergoing BTV implantation in whom the ventricular lead was externalized between the BTV sewing ring and the TV annulus were also excluded from the study unless they subsequently underwent transvalvular lead implantation. A control group of patients who underwent TVR with a BTV and no subsequent transvalvular lead implantation was also followed longitudinally to determine the incidence and severity of prosthetic TR. Clinical variables including the indication for TVR, BTV type and size, concomitant cardiac surgery, indication for device implantation, transvalvular lead type, and RV lead implant location were collected for all patients. 2-dimensional and Doppler echocardiography. Transthoracic 2-dimensional and Doppler echocardiography was performed within 1 week of TVR and at follow-up for all patients. Echocardiographic studies were performed on commercially available ultrasound equipment (Acuson Sequoia, Siemens Medical, Mountain View, California; Vivid-7, GE Healthcare, Milwaukee, Wisconsin; and IE33, Phillips Healthcare, Andover, Massachusetts) according to the standard methods recommended by the American Society of Echocardiography (4, 5) . In accordance with these guidelines (5), the severity of TR was graded in the apical 4-chamber view based on TR jet length and jet area as estimated by color flow Doppler. TR severity was semiquantitatively classified as trivial, mild, moderate, or severe using a standard method (6, 7) . Continuous wave Doppler of the TR signal was recorded and the peak regurgitant velocity used to estimate RV systolic pressure using the modified Bernoulli equation. Inferior vena cava size and the degree of inspiratory collapse were used to estimate right atrial pressure. When significant TR was suspected, pulse wave and color Doppler imaging was used to assess for alterations in hepatic vein flow patterns as seen in severe TR (8) . RV and right atrial size were visually inspected and incorporated into the assessment of TR severity.
Intraoperative transesophageal echocardiography was also performed at the time of TVR in all subjects. None of the patients had more than mild TR immediately after BTV implantation. Statistical analysis. Descriptive statistical analyses were performed. Data are reported as mean Ϯ SD or total number and percentage. For independent groups (study and control), the Fisher exact test was used to compare categorical variables, whereas the Student t test was used for continuous variables. A Kaplan-Meier analysis was performed to compare the incidence of significant TR between the study and control groups. The log-rank test was used to compare the 2 groups. Statistical analysis was performed using SAS software (SPSS version 12.0, SAS Institute Inc., Cary, North Carolina).
Results

Transvalvular lead population.
Fifty-eight patients with a permanent transvenous endocardial device lead placed across the BTV were included in the study group. Patient demographics are shown in Table 1 , device lead characteristics in Table 2 , and echocardiographic characteristics in Table 3 . Fifty-four leads were placed at the RV apex, 3 leads along the mid-RV septum, and 1 lead in the RV outflow tract. All endocardial RV leads were steroid-eluting, active fixation models. Six of the transvalvular leads (10%) were defibrillator leads. Twenty-seven of the 58 patients (46%) had concomitant mitral, aortic, or pulmonary valve repair or replacement at the time of BTV implantation. The mean clinical and echocardiographic follow-up duration was 752 Ϯ 1,042 days after lead implantation. Forty patients (69%) had Ͼ30 days of clinical and echocardiographic follow-up after transvalvular lead implantation, with a mean follow-up duration of 1,018 Ϯ 1,046 days.
Immediate and long-term findings after transvalvular lead placement. In 5 patients (9%) with a transvalvular lead, moderate or greater prosthetic TR developed (Fig. 1) . Significant TR developed in none of the patients in the transvalvular lead group in the first week after BTV implantation. Moderate or greater TR was detected 1 month after lead implantation in 1 patient and Ͼ20 months later in 4 patients. The patient with early TR died 3 months after lead implantation of congestive heart failure due to restrictive cardiomyopathy. The remaining 4 cases survived Ͼ5 years after transvalvular device lead implantation, with 1 requiring repeat BTV implantation for severe TR. In the single patient that underwent repeat BTV implantation, pathological examination of the excised bioprosthesis showed no calcification, cusp tear, thrombus, or obstructive fibrous ingrowth (pannus).
Control population. The control group included 265 patients who underwent TVR with a BTV and no subsequent implantation of a transvalvular device lead. The mean clinical and echocardiographic follow-up duration was 554 Ϯ 734 days after BTV implantation. Clinical characteristics are shown in Table 1 . Age, sex, and follow-up duration were similar in the control and study groups (all p Ͼ 0.05) ( Table 1 ). Of the 265 control patients, 63 (24%) had an endocardial RV lead before TVR surgery that was subsequently externalized outside the sewing ring at the time of BTV implantation. In 4 patients (2%), an epicardial ventricular lead was placed at the time of TVR surgery. High-grade atrioventricular block developed in 6 patients (2%) after BTV implantation, and they underwent placement of an LV lead via the coronary sinus to avoid Device Lead Characteristics 
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Lead-Related Bioprosthetic Tricuspid Regurgitation placement of the ventricular lead across the BTV. The remaining 192 patients (72%) did not require pacemaker or defibrillator implantation during the follow-up period. During follow-up, moderate or greater BTV regurgitation developed in 12 control group patients (5%). In 10 patients, moderate or greater TR was detected Ͼ2 years after BTV implantation. In 1 patient, TR was detected 1 year after TVR. In the last patient, moderate TR developed 1 week after BTV implantation and was probably related to thrombus formation on the prosthetic valve cusps because echocardiography demonstrated cusp thickening with reduced mobility. This patient was anticoagulated, and 4 months later, had only mild prosthetic regurgitation. The mean clinical follow-up duration for this group of 12 patients was 563 Ϯ 784 days after the detection of moderate or greater BTV regurgitation by echocardiography. The majority of patients (n ϭ 9, 75%) remained asymptomatic at follow-up without signs or symptoms of right heart failure. Three patients required repeat BTV implantation for symptoms of right heart failure. Of these 3 patients, 1 subsequently underwent LV assist device implantation for end-stage ischemic cardiomyopathy and died of multiorgan failure 4 months after the detection of severe TR. The other 2 patients who had repeat BTV implantation were asymptomatic at follow-up.
Impact of transvalvular device leads on prosthetic TR.
The severity of BTV regurgitation in patients with and without transvalvular leads is shown in Figure 2 . KaplanMeier analysis for the incidence of significant TR in the study versus control group is shown as a failure plot in Figure 3 . Comparison of the 2 groups revealed no significant difference in the incidence of TR (p ϭ 0.45). A reassessment after excluding patients with Ͻ30 days of echocardiographic follow-up (n ϭ 18) after transvalvular lead placement likewise showed no significant difference in the incidence of TR (Fig. 4) (p ϭ 0.19) . Tables 1 and 2 revealed no significant predictors of TR in the study or control groups, including prosthetic valve type (p ϭ 0.65 and p ϭ 0.46, respectively), indication for TVR (p ϭ 0.33 and p ϭ 0.45, respectively), or right ventricular systolic pressure (p ϭ 0.44 and p ϭ 0.66).
Predictors of TR. Univariate analysis of the clinical and echocardiographic variables shown in
Discussion
The present study is the first to examine the incidence of significant prosthetic TR after transvalvular pacemaker or defibrillator lead implantation in patients with a BTV compared with prosthetic TR in patients who have not undergone transvalvular lead implantation. In this population, we found no significant difference in the incidence of early or late prosthetic TR between the 2 groups over a mean follow-up of 2 years. These results provide reassurance that implantation of a transvalvular device lead across a BTV does not significantly increase the risk of prosthetic regurgitation. The clinical implications of these findings are substantial because patients who require a pacemaker or defibrillator after BTV implantation may undergo more complex or less durable device implantation procedures, such as placement of an epicardial ventricular lead or transvenous LV lead via the coronary sinus, in an attempt to avoid damaging the BTV (9 -13). Epicardial leads generally have poorer longevity compared with endocardial leads due to higher chronic thresholds (i.e., exit block) and lead fracture (12) , whereas the long-term stability of leads placed via the coronary sinus is less than that of leads placed in a conventional endocardial RV location (14, 15) . A transvenous endocardial system may even be placed before TVR and then exteriorized to the prosthesis at the time of TVR. This exteriorized lead approach is particularly relevant to defibrillator implantation, in which endocardial systems with an RV lead are optimal for the integrity of pacing and defibrillation. Unfortunately, such recently placed leads are more prone to dislodgment intraoperatively and cannot readily be repositioned. The findings of this study suggest that such efforts to avoid transvalvular lead placement may be unnecessary.
Our data highlight the fact that BTV regurgitation may occur early or late, with or without a transvalvular lead, thereby suggesting varied mechanisms of prosthesis dysfunction. In the present study, there was no increased incidence of early or late significant BTV regurgitation in the study group after transvalvular lead implantation compared with controls. In a study of 61 patients with native TV referred for transvenous device implantation, no significant worsening in the severity of native TR was noted early after endocardial lead implantation (16) . Furthermore, TR severity did not change at a mean follow-up of 6 Ϯ 3 months (16). In another study of patients with severe symptomatic native TR due to device leads, the average time from pacemaker or defibrillator placement to TV surgery was 6 years (range: 2 months to 19 years), with lead adherence and impingement of the tricuspid valve leaflets more common (30 of 41, 73%) than perforation or entanglement (11 of 41, 27%) (3). The authors did not describe the temporal evolution of severe TR in their patients and instead emphasized the obstacles to timely recognition of this disorder. In 
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Lead-Related Bioprosthetic Tricuspid Regurgitation the one patient in the present study with a transvalvular lead and severe prosthetic regurgitation who underwent repeat BTV replacement, pathological examination of the excised valve was inconclusive regarding the mechanism of TR. The overall incidence of TR was low in the BTV group with a transvalvular lead. It is possible that BTV may be less vulnerable to lead-induced regurgitation than the native TV. They have smaller and thicker cusps, and glutaraldehyde fixation may have leaflet-stabilizing properties, potentially contributing to the observed low incidence of TR in this study. Study limitations. Although the present study provides important long-term follow-up data on the incidence of BTV regurgitation in association with transvalvular pacemaker or defibrillator leads in a large series of patients, limitations exist. The data were collected retrospectively, and only patients with echocardiographic follow-up were included, which may introduce selection bias. The number of patients with a transvalvular lead was relatively small, and event rates were low, which may limit the ability to detect a statistically significant difference in the incidence of BTV regurgitation compared with controls. Furthermore, although the mean follow-up duration was favorable, several patients had relatively short follow-up, which may limit the capacity of the study to identify a greater tendency for TR over the long term after device lead implantation. For this reason, a separate Kaplan-Meier analysis was performed that included only patients with Ͼ30 days of follow-up. A prospective study with more uniform and longer follow-up would more accurately quantify the risk of significant BTV regurgitation in the setting of transvalvular pacemaker or defibrillator leads, but would also be difficult to perform. In the current study, the majority (69%) of study group patients had at least 30 days of follow-up, with a median follow-up duration of 655 days. As such, it represents a robust analysis of the incidence of BTV regurgitation in the first 2 years after transvalvular lead implantation. Further investigation will be required to more fully judge the incidence of BTV regurgitation beyond 2 years after lead implantation. Finally, a relatively small number of defibrillator leads were implanted, thus limiting inferences that can be made regarding the risk of TR from transvalvular defibrillator leads in this BTV population.
Conclusions
In a group of BTV patients who received transvalvular pacemaker and defibrillator lead systems postoperatively, the incidence of moderate or greater prosthetic TR was not significantly different from that of BTV controls without a transvalvular lead. Thus, in patients who require a permanent pacemaker or defibrillator after BTV implantation, use of an endocardial lead system that crosses the BTV appears to be an acceptable approach.
